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Reductive stress leads to the loss of disulfide bond
formation and induces the unfolded protein response
of the endoplasmic reticulum (UPRER), necessary to
regain proteostasis in the compartment. Here we
show that peroxide accumulation during reductive
stress attenuates UPRER amplitude by altering trans-
lation without any discernible effect on transcrip-
tion. Through a comprehensive genetic screen in
Saccharomyces cerevisiae, we identify modulators
of reductive stress-induced UPRER and demonstrate
that oxidative quality control (OQC) genes modulate
this cellular response in the presence of chronic but
not acute reductive stress. Using a combination of
microarray and relative quantitative proteomics,
we uncover a non-canonical translation attenuation
mechanism that acts in a bipartite manner to selec-
tively downregulate highly expressed proteins, de-
coupling the cell’s transcriptional and translational
response during reductive ER stress. Finally, we
demonstrate that PERK, a canonical translation
attenuator in higher eukaryotes, helps in bypassing
a ROS-dependent, non-canonical mode of transla-
tion attenuation.
INTRODUCTION
Cells respond toenvironmental stressbyupregulatingstress- and
compartment-specific response pathways. Thus, genetic or
epigenetic predispositions that prevent cells from mounting an
effective stress response lead to compromised stress tolerance.
One of the stress response pathways, unfolded protein response
of the endoplasmic reticulum (unfolded protein response element
[UPR]ER), is responsible for maintaining ER homeostasis during
ER stress (Cao andKaufman, 2012; Ron andWalter, 2007;Walter
and Ron, 2011). UPRER plays a crucial role in ensuring properThis is an open access article under the CC BY-Nfolding of the membrane and secretory proteins in this compart-
ment during conditions that lead to protein misfolding (Mori
et al., 1992), thereby restoring ER homeostasis (Walter and Ron,
2011). Protein folding in the ER may be compromised either
because of a decrease in glycosylation activity or a reduction in
disulfide-mediated folding (reductive stress). The latter is of
immediate interest because secretory cells, like pancreatic acinar
cells, are burdened with a large load of disulfide-bonded pro-
teomes. Because a high disulfide load mimics reductive ER
stress, it is important to decipher the regulators of reductive
stress-induced UPRER to identify genetic modules that play a
crucial role in maintaining ER homeostasis in these tissues. A
loss of ER homeostasis or unusually high UPRER is closely asso-
ciated with multiple complex disorders, including type II diabetes
and cardiovascular diseases (Back andKaufman, 2012;Malhotra
andKaufman, 2007). Importantly,withprogressingage, theability
of an organism to mount an effective response to ER stress de-
clines significantly (Taylor and Dillin, 2013), and this explains the
manifestation of late-onset complex disorders. However, the
reason for this decline is still an unanswered question.
UPRER requires the coordinate function of IRE-1/IRE1(Tiraso-
phon et al., 1998), PEK-1/PERK (Harding et al., 2000), and
ATF-6/ATF6 (Haze et al., 1999) in nematodes and higher
eukaryotes, respectively, whereas, in the unicellular eukaryote
Saccharomyces cerevisiae, Ire1 (Shamu and Walter, 1996) is
the sole sensor. Genetic modulators of basal UPRER (bUPRER)
were initially characterized as the functional module to maintain
ER homeostasis (Jonikas et al., 2009). However, how different
genes regulate the Ire1 branch of UPRER under stress is un-
known. Because any integrative stress response acts as a
combination of multiple cellular processes, a genetic deletion
that is sensitive to ER stress may not necessarily be defective
in mounting UPRER. On the other hand, deletions that already
induce a mild ER stress may aggravate sensitivity to additional
stressors without altering the cellular capacity to respond (Joni-
kas et al., 2009). Thus, modulators of basal UPRER may not be
essential for mounting UPRER under stress conditions. This phe-
nomenon has been reported for the cytosolic UPR (Brandman
et al., 2012).Cell Reports 16, 851–865, July 19, 2016 ª 2016 The Author(s). 851
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
To uncover the role of genetic UPRER modulators and their
crosstalk with other physiological processes during reductive
stress, we used a combination of a yeast genetic screen, micro-
array, quantitative proteomics, and targeted genetic approach.
We next asked whether these regulators are conserved in higher
eukaryotes that have evolved multiple branches of the UPRER.
Finally, we wished to delineate whether these regulators play a
role during age-associated decline in UPRER. We identified the
genes that are involved in the maintenance of homeostasis dur-
ing oxidative stress, called oxidative quality control (OQC) genes
hereafter, to be the major regulators of reductive stress-induced
UPRER (red-iUPRER). Interestingly, yeast OQC was essential for
regulation of UPRER only during a chronic stress and not during
an acute one. We unraveled that reactive oxygen species (ROS)
muffled UPRER by downregulating translation during reductive
ER stress in a bipartite manner—a previously unknown aspect
of translation control. We found this mechanism to be conserved
in Caenorhabditis elegans harboring multiple UPRER branches.
We show that ROS from different sources may negatively
regulate UPRER and that this regulation can partially explain
aging-associated loss of UPRER. Interestingly, the PERK-medi-
ated translation attenuation pathway is required to prevent
ROS-dependent deregulation of translation during UPRER.
Because oxidative folding results in ROS formation, we specu-
late that evolution of the PERK branch of UPRER may have facil-
itated the emergence of high disulfide-rich proteomes in higher
eukaryotes.
RESULTS
A Comprehensive Genetic Screen Identifies Modulators
of Reductive Stress-Induced UPRER
To identify the modulators of iUPRER, we used a reporter strain
of S. cerevisiae expressing GFP under the control of a UPRER-
inducible synthetic promoter and mCherry driven by the consti-
tutive promoter of tef2 (Jonikas et al., 2009). Induction of UPRER
was followed by the corresponding increase in GFP fluores-
cence while the fluorescence of mCherry was used to monitor
the basal level of transcription and translation (Figure 1A). GFP
induction showed a dose-dependent response to DTT, making
this assay a quantitative readout for red-iUPRER (Jonikas et al.,
2009; Figure 1A). Using a commercially available S. cerevisiae
deletion library of 4,500 non-essential genes (Winzeler et al.,
1999) and a hypomorph library of800 essential genes (Breslow
et al., 2008) (referred to collectively as deletion strains, Openbio-
systems), we introduced the reporter into each of the deletion
strains using a synthetic genetic array technique (Tong et al.,
2001). To identify genes that interact with or modulate the ampli-
tude of red-iUPRER, these strains were grown in the presence or
absence of DTT, and the amplitude of red-iUPRER or bUPRER (in
the absence of DTT) was quantified by single-cell fluorescence
analysis using flow cytometry. Comprehensive screening of the
deletion strains revealed that a large number of genes modulate
the amplitude of red-iUPRER (see Figure 1B, Figure S1A, and
Table S1 for full details). To elucidate the dominant mechanisms
of red-iUPRER modulation, we selected 121 candidate genes
whose deletion results in a significant reduction of DTT-induced
UPRER using a stringent cutoff (Z score <4 for GFP and >2.0852 Cell Reports 16, 851–865, July 19, 2016for RFP upon DTT treatment). The RFP cutoff was used to
exclude strains that had a constitutive decrease in transcrip-
tional and translational capacity. Although this is a conservative
approach to identify strong modifiers, this stringent cutoff may
have led to the omission of genes that are potentially involved
in regulating iUPRER as well as translation/transcription ma-
chineries. As expected, hac1, yfl032w (a dubious open reading
frame that overlaps with hac1) and tpt1 (an essential enzyme
required for the final step of hac1 splicing) (Schwer et al., 2004)
were found to be strong positive modulators of red-iUPRER (Fig-
ure 1B). Furthermore, many of the earlier reported genes (Rand
and Grant, 2006) were also identified, providing confidence
that the other candidates may indeed be responsible for iUPRER
regulation.
Our results indicate that genes involved in maintaining red-
iUPRER minimally overlapped with the genes that are either over-
expressed during ER stress (Travers et al., 2000; Figure S1B; p
value, 0.99) or those involved inmaintaining ER homeostasis (Jo-
nikas et al., 2009; Figure S1B; p value, 0.74). Moreover, bUPRER
was not a predictor of the amplitude of red-iUPRER (Figure 1C),
indicating that the genetic modules involved in the control of
ER homeostasis and the ones involved in the control of cellular
response to ER stress may be mechanistically distinct. Further-
more, a large number of gene products involved in red-iUPRER
modulation are localized in cellular compartments other than
the ER (Figure 1D). Although a large number (53 of 121) of the
positive regulators of red-iUPRER localized to the cytosol, there
was a minimal overlap with the positive modulators of cytosolic
iUPR, the heat shock response (HSR) (Brandman et al., 2012;
Figure S1C; p value, 0.75). These observations suggest that
distinct molecular players regulate stress response pathways
in different cellular compartments.
Oxidative Stress Response Pathways Are Important for
Maintaining iUPRER Amplitude in Yeast
Subsequently, we focused on the non-essential candidates and
regenerated the strains by re-crossing the reporter into the dele-
tion strains. Finally, 22 deletion strains that exhibited consistent
downregulation of red-iUPRER without any significant effect on
RFP expression were selected for further study (refer to the Sup-
plemental Experimental Procedures for details on hit selection,
Figures S1D, S1E, and S1F in the Supplemental Experimental
Procedures, and Tables S5 and Table S6). Interestingly, skn7D,
yap1D, and hyr1D, all known to play a role in the cellular OQC
pathway (Avery and Avery, 2001; Temple et al., 2005), were
found to modulate the response to reductive stress. We chose
this cluster to delineate the mechanism of red-iUPRER modula-
tion because these genes are also known to be required for ER
stress tolerance (Rand and Grant, 2006). The other strains
were not selected as these, with the exception of hac1D and
yfl032wD, showed a conditional loss of red-UPRER only in the
presence of G418 (Figure S1F in the Supplemental Experimental
Procedures). It is important to note that strains that have altered
GFP fluorophore maturation may also appear as hits in the
screen. Validation of altered GFP expression at the protein level
or mRNA level is thus important to confirm the importance of the
hits in modulating iUPRER. We experimentally validated
the deletion strains and their GFP expression (Supplemental
Figure 1. A Comprehensive Genetic Screen to Identify UPRER Modulators in S. cerevisiae
(A) The reporter strain used has a gfp driven by a UPRE-containing synthetic promoter and an rfp under the control of a UPR-independent promoter of tef2. The
dose response of the strain on different concentrations of DTT (0.1–5 mM) was tracked over 3 hr.
(B) Results of the genetic screen with the Z scores of UPRE-GFP and Ptef2-RFP on the y and x axis, respectively. Each point represents a loss-of-function strain.
The control deletions are shown as red dots.
(C) Z scores for bUPRER are plotted on the x axis and the Z scores for iUPRER on the y axis for each of the strains. The red region indicates strains exhibiting high
bUPRER but normal iUPRER.
(D) The number of positive candidates that localized to the different cellular compartments.
See also Supplemental Notes, Figure S1, and Table S1.Notes; Figures S2A–S2C), thereby establishing that the OQC
genes are bona fide modulators of the amplitude of red-iUPRER
and not GFP maturation.Because yap1 and skn7 are known to be involved in the oxida-
tive stress response (Lee et al., 1999), we monitored ROS using
superoxide anion-specific (dihydroethidium or DHE) (Tarpey andCell Reports 16, 851–865, July 19, 2016 853
Figure 2. OQC Genes Reduce ROS Accumulation during Reductive ER Stress
(A) Accumulation of ROSmeasured using dyes that specifically detect superoxide anion (DHE, right) or peroxide (DHR123, left). The different strains, untreated or
treated with 5 mM DTT for 180 min, were stained with the indicated dyes, and median fluorescence was recorded using flow cytometry.
(B) WT andOQCD strains were simultaneously treated with Tm (5 mg/ml) and different concentrations of Pq. iUPRER wasmonitored using flow cytometry after 4 hr
of treatment.
(C) WT and OQCD strains were grown in different concentrations of ascorbate and then treated with DTT. iUPRER was measured as above.
(D) Comparative level of catalase transcripts of the OQCD and WT strains upon DTT treatment as monitored by microarray.
(E) Oxygen consumption wasmonitored using anOxyplate assay inWT cells with or without DTT (5mM) or Tm (10 mg/ml). An increase in fluorescence is indicative
of enhanced oxygen consumption.
(F) The Oxyplate assay was performed for WT and OQCD strains in the absence (left) and presence of 5 mM DTT (right).
For all samples, *p < 0.1, **p < 0.05, and ***p < 0.01 with a minimum of three replicates. See also Supplemental Notes for this figure, Figure S2, and Table S2.Fridovich, 2001) and peroxide-specific (dihydrorhodamine 123
or DHR123) (Henderson and Chappell, 1993) fluorescent dyes.
We observed significantly higher DHR123 fluorescence in
OQCD strains upon reductive stress compared with the wild-854 Cell Reports 16, 851–865, July 19, 2016type (WT) (Figure 2A, left), whereas DHE did not show any signif-
icant difference (Figure 2A, right). This points to the accumulation
of peroxide during reductive stress. A number of targeted tests
confirmed that the decrease in the amplitude of red-iUPRER is
Figure 3. Formation of ROS during Reduc-
tive UPRER Is a Slow Phenomenon and Is
Unaffected in OQCD Strains
(A) Meta-analysis of previously reported gene
expression data (Gasch et al., 2000).
(B) iUPRER was monitored in WT and OQCD
strains on continuous treatment with 5 mM DTT
(left) or upon a 30-min treatment with 5 mM DTT
followed by DTT removal (right).due to the accumulation of a ROS (peroxide). First, addition of
tunicamycin (Tm), an ER stressor that acts by blocking N-linked
glycosylation, to OQCD strains resulted in only a marginal
decrease in iUPRER with respect to the WT (Figure S2D, left
and center) and accumulation of significantly lower amounts
of peroxide in the OQCD strains (Figure S2E). However, another
reducing agent, b-mercaptoethanol, exhibited an effect that
was similar to DTT (Figure S2D, right). Second, exogenous
addition of peroxide resulted in a dose-dependent reduction
of Tm-iUPRER in the WT and, at a much lower concentration
of peroxide, in OQCD strains (Figure S2F). Similarly, paraquat
(Pq), a peroxide generator, suppressed Tm-iUPRER in both
WT and OQCD strains (Figure 2B), whereas menadione, a
superoxide generator, did not alter the response (Figure S2G).
Third, exogenous addition of ascorbate, a potent ROS scav-
enger, alleviated the low red-iUPRER of OQCD strains (Fig-
ure 2C), rendering mutants more resistant to DTT than the
untreated ones (Figures S2H and S2I). Thus, supplementation
of a ROS-scavenging agent in OQCD strains restores the
WT phenotype. These experiments support the association of
peroxide accumulation with reductive stress and underscore
the importance of the canonical anti-oxidative function of
OQC genes in maintaining red-iUPRER and conferring tolerance
to reductive stress.
We performed unbiased transcriptome profiling of the candi-
date mutants and found that catalases required for scavenging
peroxides were significantly downregulated upon DTT treatment
in the OQCD strains compared with the WT (Figure 2D; Fig-
ure S2J; Table S2). This hinted at the possibility that the ROS-
scavenging mechanisms of OQCD strains may be impaired,
leading to increased ROS accumulation during reductive stress.
Because oxygen consumption is required for ROS formation,
using a fluorescence-based oxygen consumption assay (Oxy-
plate), we observed enhanced oxygen consumption in WT and
OQCD strains upon DTT treatment (Figures 2E and 2F) but notCwith Tm. This was consistent with ROS
formation during reductive stress. How-
ever, there was no difference between
WT and OQCD strains (Figure 2F, right;
see details in the Supplemental Notes),
ruling out any difference in ROS produc-
tion, further proving that ROS clearance
defects enhance the ROS-dependent
UPRER decrease in OQCD strains during
reductive stress.
Thus, defects in the ROS-scavenging
pathways during reductive ER stresslead to accumulation of ROS that decrease the amplitude of
iUPRER during reductive stress in yeast.
ROS Accumulation Acts as a State Sensor that
Distinguishes Chronic from Acute Stress
If the ROS clearancemechanism is crucial for the iUPRER, thenwe
hypothesized that the effect could be a late-phase response dur-
ing chronic insult. Indeed, meta-analysis of previously published
time kinetics microarray data for DTT and peroxide treatment
(Gasch et al., 2000) revealed that the expression profiles during
early points of DTT treatment are anti-correlative with the late
time points (Figure 3A). This suggested that a different transcrip-
tional program may be activated at the later stages. Only the
late-phase reductive stress-induced gene expression profiles
correlate strongly with that of early-stage peroxide stress (Fig-
ure 3A). This suggested a ROS-activated switch in transcription
profile during late stages of reductive ER stress. If the ROS accu-
mulates slowly during a reductive insult and acts only during the
later phases of the reductive stress response, an acute pulse of
DTTshouldnot lead toROS-dependent abrogationof red-iUPRER.
Hence, the red-iUPRER observed with this treatment regime
should be independent of the ROS-scavenging mechanisms.
Indeed, the OQCD strains that showed a drastic reduction of
red-iUPRER during chronic reductive stress (Figure 3B, left), ex-
hibited only marginal differences compared with the WT strain
when responding to an acute reductive stress (Figure 3B, right).
Together, theseobservationssuggest thatROSaccumulationdur-
ing chronic reductive stress initiates the oxidative stress response.
In the absence of a functional oxidative response, ROSaccumula-
tion abrogates the cellular response to reductive ER stress.
Failure of Oxidative Quality Control Shuts Off
Translation in Yeast
Toward investigating themechanism by which UPRER is blocked
in the presence of unresolved oxidative stress, we monitored theell Reports 16, 851–865, July 19, 2016 855
Figure 4. Failure of OQC Leads to Downregulation of iUPRER at the Level of Translation
(A) Immunoblot for GFP in the WT treated with Tm in the presence or absence of Pq. Left: quantitated graph for three independent experiments normalized to
tubulin.
(B) Hac1 splicing in the WT measured by semiquantitative PCR upon treatment with Tm in the presence or absence of Pq.
(C) gfp transcript levels upon Tm treatment in the presence or absence of Pq were monitored with qRT-PCR in the WT.
(legend continued on next page)
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effect of Pq on Tm-iUPRER. Addition of Pq led to the downre-
gulation of GFP at the protein level (Figure 4A); however, Hac1
splicing was not significantly altered (Figure 4B; Figure S3A).
More importantly, Pq treatment did not decrease Tm-induced
gfp mRNA expression (Figure 4C), indicating that iUPRER is
blocked at a post-transcriptional stage by peroxide, possibly
during translation, as reported earlier for peroxide stress (Shen-
ton et al., 2006).
To confirm that the block is not specific for the construct used
as the reporter, we used two GFP-tagged proteins that are upre-
gulated upon Tm treatment (Figure 4D). Pq treatment was able to
reduce the induction of these genes by Tm (Figure 4D), suggest-
ing that the effect of ROS on iUPRER is not dependent on the
specific reporter used for screening.
If endogenously generated peroxide is indeed responsible for
abrogating red-iUPRER in the OQCD strains, it should mimic the
features of translation downregulation observed with exogenous
peroxide. Indeed, during red-iUPRER, OQCD strains showed a
lower GFP protein level with unaffected Hac1 splicing and
enhanced gfp mRNA expression in comparison with the WT,
indicating that the decrease in red-iUPRER was at the level of
translation (Figures 4E and 4F; Figure S2C). Subsequently, we
demonstrated that the lower level of GFP in OQCD was not
due to an enhanced degradation rate (Figure S3B; Supplemental
Experimental Procedures). Next, we quantified the mRNA levels
of validated UPRER reporters as a function of time after DTT
treatment, and, as expected, transcripts typically induced by
DTT in WT were also induced in OQCD strains with similar ki-
netics (Figure 4G). However, DTT-induced upregulation of Kar2
protein, a canonical reporter of iUPRER, was significantly
reduced in skn7D strains at all time points during red-UPRER
(Figures 4H and 4I; Figure S3C). Cycloheximide (CHX) chase ex-
periments with Kar2 in the WT and skn7D strain confirmed that
the enhanced ER-associated degradation (ERAD)-dependent
degradation of Kar2 in skn7D was not responsible for the down-
regulation of Kar2 during reductive stress (Figure 4I; Figure S3D).
Translation alteration was further confirmed by polysome pro-
files that clearly indicate that, upon DTT treatment of skn7D
and yap1D cells, there was an increase in themonosome fraction
at the cost of polysomes compared with the WT (Figure 4J; Fig-
ure S3E). This strongly suggests that red-iUPRER in OQCD
strains is indeed affected through a translational block, as seen
with Pq treatment.
In higher eukaryotes, eIF2a phosphorylation by PERK is a
well known mechanism that couples ER stress to translation
attenuation (Harding et al., 2000). Although PERK is absent in(D) Tm-induced changes in protein expression monitored in GFP-tagged strains
(E) Hac1 splicing monitored in WT and OQCD strains upon treatment with 5 mM
(F) qRT-PCR to measure gfp transcript levels in WT and OQCD strains upon trea
(G) Canonical iUPRER transcripts were quantitated by qRT-PCR in WT and OQCD
were normalized to ipp2 as the internal control.
(H) Treatment time-dependent immunoblot for Kar2p in the WT and a representat
(I) Densitometric quantitation of time kinetics for Kar2 protein immunoblot done b
protein degradation rate in the WT and skn7D.
(J) Polysome profiling for skn7D and WT cells upon treatment with 5 mM DTT fo
(K) iUPRER was measured in WT or OQCD strains that harbored either an addition
were treated with 5 mM DTT for 3 hr.
See also Figure S3.S. cerevisiae, we investigated whether the peroxide-mediated
translation arrest is routed through either Gcn2, an eIF2a kinase
(Dever et al., 1992), or Sch9, an S6-kinase homolog that is
involved in regulating translation through the TOR pathway (Ur-
ban et al., 2007). Neither gcn2 deletion nor a constitutively active
mutant of Sch9 (c-sch9) (Urban et al., 2007) in the OQCD strains
restored red-iUPRER amplitude (Figure 4K). Furthermore, these
mutations failed to revert the attenuation of Tm-iUPRER in the
presence of peroxide (Figure S3F). Ribosomal proteins tagged
with GFP showed a similar trend in skn7D and WT cells during
red-UPRER (Figure S3G) or when oxidative stress was coupled
with iUPRER (Figure S3H), suggesting a mode of translation con-
trol independent of ribosomal concentration. Additionally, we did
not find any increase in ribosomal aggregation in skn7D over WT
cells during red-iUPRER (Figure S3I), which had been suggested
as a major reason for translation downregulation in the trx2D
strain (Glover-Cutter et al., 2013; Rand and Grant, 2006). Taken
together, exogenous addition or endogenous peroxide accumu-
lation arising because of failure of the OQCmachinery can block
iUPRER through downregulated translation that is independent of
the canonical pathways routed through eIF2a, S6-kinase, ribo-
somal expression, or ribosome aggregation.
Oxidative Quality Control Regulates the Response to ER
Stress in C. elegans
Can oxidative quality control pathways play a similar non-tran-
scriptional role in metazoans that have a more complex UPRER
pathway? We found that, consistent with the results obtained
in S. cerevisiae, the presence of Pq significantly abrogated
iUPRER in C. elegans, indicating the existence of a conserved
mechanism in higher eukaryotes (Figure 5A; Experimental Pro-
cedures). RNAi-mediated knockdown of skn-1, a functional ho-
molog of yeast skn7 (An and Blackwell, 2003), led to a decrease
in both Tm- and DTT-induced UPRER amplitude on the third day
of adulthood (Figure 5B; Figure S4A) (all further experiments
were performed on the third day of adulthood unless specifically
mentioned otherwise). Unlike S. cerevisiae, higher eukaryotes
are known to produce ROS during Tm-induced ER stress
(Han et al., 2013; Harding et al., 2003), and we also detected sig-
nificant ROS production in C. elegans after Tm treatment (Fig-
ure S4B; Harding et al., 2003). However, it is important to note
that production of ROS during a non-reductive ER stress
such as Tm can be mimicked in yeast by artificially increasing
the disulfide load in the ER while suppressing ERAD (Haynes
et al., 2004). This suggests a role of disulfide load in ROS produc-
tion during ER stress. To enhance the generality of our findingin the presence or absence of Pq.
DTT for 3 hr. Marker lane is marked as M.
tment with 5 mM DTT for 3 hr.
strains upon treatment with 5 mMDTT as a function of treatment time. All data
ive OQCD strain treated with 5 mMDTT. Quantification is shown at the bottom.
y cycloheximide pulse-chase treatment along with 5 mM DTT to measure the
r 3 hr.
al deletion of gcn2 or a constitutively active mutant of sch9 (c-sch9). The cells
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Figure 5. Oxidative Quality Control during ER Stress in C. elegans
(A) Epifluorescence images of day 1 adult C. elegans harboring an integrated Phsp4::gfp treated with 10 mg/ml Tm (top images) or 3 mM DTT (bottom images) in
the absence or presence of 40 mM Pq for 8 hr. Densitometric quantitation of the data from three independent experiments is shown at the bottom.
(B) UPRER measured in Phsp4::gfp day 3 adult worms grown either on control or skn-1 RNAi and treated with 10 mg/ml Tm or 3 mM DTT for the indicated time.
Densitometric quantitation of the data is shown below.
(legend continued on next page)
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encompassing ER stresses from different proteostasis perturba-
tions in higher eukaryotes, we chose to work with Tm-iUPRER to
elucidate the mechanism of OQC dependence in C. elegans.
Consistent with yeast data, the ROS scavenger N-acetyl-
cysteine (NAC) was able to restore iUPRER amplitude in skn-1
knockdown worms (Figure 5C), indicating that this supplemen-
tation is able to counteract the loss of OQC. Notably, the WT
exhibits a higher increase in Tm-iUPRER in the presence of lower
doses of NAC than skn-1 downregulated worms (Figure 5C). This
indicates that ROS accumulation upon Tm treatment is more in
skn-1 RNAi worms than in the WT. Although these observations
do not exclude a role of skn-1 in regulating the transcription of
other genes during UPRER (Glover-Cutter et al., 2013), it does
suggest that skn-1 is required to scavenge ROS generated dur-
ing ER stress, revealing a conserved mode of ROS-mediated
regulation of UPRER.
Wenext investigated the conservation of ROS-mediated down-
regulation of iUPRER through translation control in C. elegans.
Indeed, although downregulation of UPRER-induced phsp4::gfp
was apparent at the protein level upon knockdown of skn-1, there
was no significant reduction in the level of gfpmRNA (Figure 5D).
This supports the results obtained from yeast and suggests a
conservedmechanism of translation attenuation upon accumula-
tion of ROS.
Next, to test whether ROS from other physiological sources
can affect the amplitude of UPRER in worms, we took advantage
of the fact that C. elegans is known to exhibit a burst in oxidative
stress in the early stages of adulthood (Knoefler et al., 2012). We
quantified iUPRER output as a function of age in the presence or
absence of the anti-oxidant NAC. Indeed, we observed a partial
rescue of iUPRER amplitude until the fifth day of adulthood(Fig-
ure 5E; Figure S4C), and the rescue was more significant during
early adulthood, a period that coincides with an oxidative burst
(Knoefler et al., 2012). Coherently, iUPRER during the first day
of adulthood was less dependent on skn-1 than on the third
day (Figures 5B and 5F). Summarily, the crosstalk between
ROS and iUPRER partially explains the loss of iUPRER amplitude
with age. This, taken together with the fact that other sources of
ROS like Pq, can affect iUPRER, emphasizes the importance of
this crosstalk in shaping the amplitude of iUPRER in a large num-
ber of pathological conditions that exhibit hallmarks of increased
intracellular oxidative stress.
Global Downregulation of iUPRER in Yeast through
Bipartite Translation Control
Is there a global downregulation of red-UPRER-dependent pro-
tein expression in yeast upon deletion of skn7D? To answer this,
we performed iTRAQ (isobaric tags for relative and abso-
lute quantification)-based relative quantitative proteomics of(C) Epifluorescence images of Phsp4::gfp worms on control and skn-1 RNAi trea
Densitometric quantitation of the data is shown at the left.
(D) qRT-PCR to measure the fold change in gfpmRNA level in Phsp-4::gfpworms
(E) Epifluorescence images of Phsp-4::gfp worms on different days of adulthood
Right: average of the normalized fold induction of GFP.
(F) Epifluorescence images of 1-day-old adult Phsp4::gfpworms on control RNAi
is shown at the right.
For all samples, *p < 0.05 and **p < 0.005, with two-tailed Student’s t test on a mstressed or unstressed WT and skn7D cells (Table S4). Proteins
upregulated during red-iUPRER in WT cells were significantly
less upregulated in skn7D during reductive stress. This confirmed
a global downregulation of UPRER at the protein level in the
absence of functional OQC. To factor in transcriptional program-
dependent alterations, we quantified the transcriptional upregula-
tion of the WT and skn7D during red-iUPRER using a microarray
platform and obtained the correlation between relative induction
of mRNAs and of their corresponding protein products. Interest-
ingly, the correlation between mRNA and protein induction was
higher in the WT than in skn7D. Although 38% of the protein vari-
ation could be predicted by altered mRNA expression in the WT,
only 17% of the variation could be similarly explained in skn7D
(Figure 6A), suggesting a loss of correlation between transcription
and translation in skn7Dduring red-iUPRER.Additionally, the slope
was lower for skn7D than theWT, indicating decreased translation
of genes highly expressed during red-iUPRER, supporting the
lower induction of iUPRER in skn7D relative to the WT.
Most importantly, although proteins upregulated by DTT in the
WT were found to be less upregulated in deletion of skn7D (Fig-
ure 6B; Supplemental Notes), proteins that are repressed in WT
cells during red-iUPRER are less repressed in skn7D (Figures S5A
and S5B), suggesting a bipartite regulation of the protein expres-
sion level during iUPRER under OQC-deficient conditions.
Because we substantiated that the endogenous oxidative
stress in OQCD strains leads to bipartite regulation of translation,
we tested whether this holds true during oxidative stress. To
eliminate the possibility of inherent bias of proteomics data to-
ward highly abundant proteins, we performed a screen with
900 GFP-tagged strains of yeast (Huh et al., 2003) in the pres-
ence of exogenous peroxide (Experimental Procedures). Indeed,
in spite of the general downregulation at the protein level, the
bipartite nature of protein expression became more apparent.
Highly expressed ones were prone to downregulation in the
presence of peroxide, whereas proteins that were expressed
at a lower level were upregulated (Figure 6C; Figure S5C; Sup-
plemental Notes for Figure 6C; Table S3). Thus, regulation with
peroxide shows a unique bipartite control of protein expression
levels distinct from canonical translational regulation, leading
to global abrogation of protein expression.
This observation led us to investigate the underlying mecha-
nism in translation control during reductive stress. Recent re-
ports suggest the role of codon usage in regulating the transla-
tion of stress response proteins (Begley et al., 2007; Chan
et al., 2015; Endres et al., 2015). Analysis of the codon usage re-
vealed that even the optimal codons for the same amino acids
are not used similarly by the abundant and non-abundant pro-
teins (Figure 6D). As an example, the TTC codon of phenylalanine
is used more in the abundant proteins than the non-abundantted with a combination of 10 mg/ml Tm and increasing concentrations of NAC.
treated with control RNAi or skn-1 RNAi in the presence of 10 mg/ml Tm for 5 hr.
when treated with 10 mg/ml Tm in the absence or presence of 10 mM NAC.
or skn-1 RNAi treated with 10 mg/ml of Tm for 5 hr. Densitometric quantification
inimum of three replicates. ns, non-significant. See also Figure S4.
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Figure 6. Unmitigated Oxidative Stress
Leads to a Non-canonical Bipartite Regula-
tion of Protein Expression
(A) Quantitative proteomics using iTRAQ were
used to measure the proteome-wide alteration in
protein level in WT and skn7D strains during red-
iUPRER. A microarray was used to measure the
alteration in mRNA abundance under similar con-
ditions. Fold upregulation of protein expression
during red-iUPRER is plotted against fold upregu-
lation of mRNA during the same stress in WT and
skn7D.
(B) Proteins that are upregulated in the WT
because of red-UPRER (WT(+DTT)/WT > 1.2) in
one replicate were taken, and the average ratio of
(SKN7D+DTT)/SKN7D or (WT+DTT)/WT was
calculated for these proteins for the other two
replicates. This has been done in turn by taking the
first (left), second (center), or third (right) replicate
as reference and plotting as a boxplot.
(C) A GFP-tagged gene collection was used to
obtain single-cell fluorescence for each of the
strains in the absence and presence of 5 mM
peroxide (two representative plates are shown).
The difference in protein expression (difference in
GFP fluorescence) is plotted against GFP fluo-
rescence in untreated samples for all plates inde-
pendently. Linear regression of the data is shown
as a red line. Ten representative regressions ob-
tained upon data shuffling are shown in black to
show the significance of the original regression
line. The blue line shows the reference for un-
changed expression level upon treatment. See
also Figure S5C.
(D) Codon frequency analyses were carried out for proteins that were either upregulated or downregulated in skn7D during red-UPRER. Only the codons that
showed a statistically significant difference (p < 0.1, Mann-Whitney rank correlation) with the control set are shown in the plot. The enrichment of the codon
frequency in the test set with respect to the control set is plotted on the x axis, whereas the correlation of the same codon with respect to protein abundance is
plotted on the y axis.
See also Supplemental Notes for this figure, Figures S5 and S6, and Tables S3 and S4.ones, whereas the opposite is true for the TTT codon. Similar
patterns are seen across multiple different amino acids. Using
this, we asked whether the proteins that are translationally
downregulated in skn7D during red-UPRER show a different
codon usage pattern than the ones that are upregulated. Indeed,
many of the codons that show a strong positive correlation with
abundance were enriched in the former set, whereas the ones
that show a negative correlation with abundance were depleted
(Figure S6A), indicating that altered codon usage may allow the
downregulation of more abundant proteins while increasing the
expression of less abundant ones.
Thus, unchecked oxidative stress during reductive ER stress
leads to a collapse of the UPRER program by partial uncoupling
of protein expression from transcriptional alterations. This is
primarily affected by an uncoordinated regulation of translation
that acts in a bipartite manner to decrease protein expression
of upregulated genes while increasing the expression of the
repressed ones.
Activation of PERKDecreases ROS Formation during ER
Stress
Does ROS-dependent uncoordinated translation deregulation
cross-talk with the UPR-dependent and PERK-mediated trans-860 Cell Reports 16, 851–865, July 19, 2016lation attenuation? PERK, a translation attenuator in higher eu-
karyotes, is implicated in ROS clearance (Avezov et al., 2013;
Cullinan and Diehl, 2004). We also observed a significant in-
crease in oxidative damage in the C. elegans PERK deletion
strain pek-1(ok275) (Figure 7A). Additionally, the expression of
gst-4, a canonical anti-oxidative stress response gene, was
found to be induced in a PERK deletion strain, pek-1(ok275) (Fig-
ure 7B), indicative of an elevated level of oxidative stress upon
PERK deletion. These observations suggest that PERK-depen-
dent mechanisms may resolve ROS-dependent translation
deregulation. Accordingly, PERK inactivation would downre-
gulate the amplitude of iUPRER. This is indeed the case;
Tm-induced expression of phsp4::gfp reporter was muffled in
pek-1(ok275) (Figure 7C). The response was recovered in the
mutant strain upon treatment with NAC (Figure 7D), confirming
that this branch plays an important role in reducing ROS forma-
tion. Thus, paradoxically, PERK, the translation attenuation ma-
chinery, prevents ROS-mediated translation arrest and helps in
maintaining iUPRER signaling through other branches. Because
PERK activation leads to the loss of canonical translation and,
hence, to a lower load of protein in the ER, it is difficult to uncou-
ple the antioxidant activity of the downstream genes from the
benefits of translation inhibition brought about by PERK. We
(legend on next page)
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took advantage of S. cerevisiae because it lacks a PERK homo-
log. We reasoned that decreasing general translation in yeast,
using an orthogonal system, would reduce the overall concen-
tration of proteins in the ER and thereby diminish the load on
the disulfide exchange systems. This should reduce ROS
during reductive stress and, hence, decrease the OQC depen-
dence of red-iUPRER. We used sublethal concentrations of the
antibiotics nourseothricin (CloNAT) and hygromycin (Hyg), both
well known inhibitors of eukaryotic protein synthesis, to downre-
gulate translation. As expected, pre-treatment of S. cerevisiae
with these antibiotics, which act as translation inhibitors,
decreased iUPRER in a dose-dependent manner in the WT strain
(Figure S7A). However, at antibiotics concentrations where
iUPRER is downregulated, the difference between the WT and
OQCD strains is marginal, unlike the large difference observed
in the absence of these antibiotics (Figures 7E and 7F). As a con-
trol, Tm-iUPRER decreased similarly in both the WT and OQCD
strains as a function of CloNAT concentration (Figure S7B), high-
lighting the importance of translation attenuation specifically
during ROS-producing ER stress. Similar results were obtained
when translation was attenuated by decreasing glucose concen-
tration in the medium (Figure 7G). This attests to the fact that
repressing protein translation may decrease ROS production.
Consistent with this idea, treatment with CloNAT decreased
DTT-induced ROS production in the OQCD strains (Figure 7H).
If reduction in translation is important in limiting electron transfer
to oxygen, then a decrease in ROS production and not enhanced
clearance should be evident in the presence of translation in-
hibitors. Consistently, an Oxyplate assay confirmed that the
burst in oxygen consumption, induced during reductive stress,
decreases in the presence of the translation inhibitor CloNAT in
a concentration-dependent manner (Figure 7I; Figure S7C).
Thus, an orthogonal translation attenuation system is able to
decrease ROS production and decrease the dependence of
UPRER on oxidative stress response pathways in yeast.
Summarizing the results from C. elegans and yeast, it may be
concluded that PERK-dependent translation attenuation is able
to decrease ROS through either direct activation of the anti-
oxidant response or through a decrease in protein translation.
This suggests that a more regulated translation attenuation sys-
tem is able to counter ROS-dependent dysregulation of protein
expression during UPRER.Figure 7. Orthogonal Translation Control Reduces ROS during UPRER
(A) The concentrations of protein carbonyl groups were measured using the DN
worms on day 3.
(B) qRT-PCR to measure the GST4 mRNA level in Phsp4::gfp(zcls4) grown on co
(C) iUPRER was measured following 5 hr of Tm treatment in Phsp4::gfp(zcls4) and
fold induction was quantified from fluorescence images (bottom).
(D) iUPRER was measured after treatment of pek-1(ok275)Phsp4::gfp(zcls4) wor
Bottom: quantification.
(E–G) iUPRER was measured in WT and OQCD strains of S. cerevisiae (using the U
CloNAT (E), hygromycin (F), or glucose (G) and treated with 5 mM DTT. The dat
antibiotics or glucose.
(H) Representative flow cytometry histograms of DHR123 staining of yap1D (left
absence of 200 nM CloNAT.
(I) 5 mM DTT-induced oxygen consumption was monitored in the presence of di
For all samples, *p < 0.05 with two-tailed Student’s t test on a minimum of three
See also Figure S7.
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We discovered a previously uncharacterized relationship be-
tween UPRER and a ROS-mediated non-canonical mode of
translation deregulation during reductive stress. It is generally
believed that reductive stress would not initiate an antagonistic
oxidative stress based on the premise that oxidative free radi-
cals would be unstable in the presence of a reducing agent
(Glover-Cutter et al., 2013; Rand and Grant, 2006). Here we un-
cover a seemingly contradicting mechanism by which ROS-
mediated translation attenuation compromises the ER stress
response to reducing agents, decreasing cellular tolerance to
reductive stress. However, we show that this mechanism is
part of an intricate feedback loop for the downregulation of
the ER stress response. This also buffers the subsequent
ROS production, enabling the cells to maintain homeostasis.
In support of this mechanism, we find that PERK, a central
regulator of the ER stress response, may have evolved to limit
oxidative stress in cells that are burdened with oxidative folding
in the ER. Furthermore, we demonstrate a type of bipartite
translation attenuation that could represent a mode of signaling
process.
The results of this study have three major implications. First,
oxidative stress response pathways may play a key role in main-
taining ER homeostasis in cells that are burdened with a high
disulfide load. Cells like pancreatic acinar cells and B cells (Shi-
mizu and Hendershot, 2009) are burdened with a high disulfide
load because of the nature of their secretome. Because oxygen
typically acts as the terminal electron acceptor for oxidative
folding (Koritzinsky et al., 2013), a high disulfide load would
correspondingly produce high amounts of reactive oxygen spe-
cies. Our study implicates that these cells would be sensitive to
impaired ROS clearance mechanisms or ROS generation from
other sources because the ER stress response pathways would
be blocked in the presence of unchecked ROS accumulation.
This is consistent with other studies that have hinted at the
importance of anti-oxidative agents in assisting protein secretion
(Malhotra et al., 2008). Importantly, oxidative stress response
pathways mediated by skn-1 are known to be required for a
healthy lifespan (Tullet et al., 2008), and its homolog NRF2 is
also a known regulator for healthy aging (Lewis et al., 2010).
Our study highlights an additional importance of these pathwaysand Decreases the Dependence on OQC
PH alkaline method in WT, pek-1 knockout (KO), and skn-1 knockdown (KD)
ntrol RNAi and skn-1 RNAi.
pek-1(ok275)Phsp4::gfp(zcls4) strains on day 3 of adulthood. Normalized GFP
ms with or without 10 mM NAC in the absence or presence of 10 mg/ml Tm.
PRE::GFP reporter) while they were maintained on different concentrations of
a plotted are normalized to the response of the WT strain at concentration of
) and skn7D (right) strains upon treatment with 5 mM DTT in the presence or
fferent concentrations of CloNAT in WT cells.
replicates.
in maintaining protein homeostasis during progressive aging,
primarily in the context of secretory cells.
Second, uncontrolled accumulation of ROSmay uncouple the
transcript-level and proteome-level response of a cell to ER
stress. Our study provides, as a maiden report, different dy-
namics of gene and protein expression that lead to loss of corre-
lation between the response and phenotype through a novel
ROS-regulated mode of translation regulation that is indepen-
dent of the known canonical models. We implicate codon usage
to play an important role in this mode of regulation, whereby the
expression of abundant proteins is suppressed whereas the less
abundant ones are enriched in the proteome. This adds to the
growing literature of how altered codon usage pattern may
shape the cellular response to stress (Begley et al., 2007; Chan
et al., 2015; Endres et al., 2015).
Third, PERK, an effector of canonical translation attenuation,
may have evolved to mitigate the translation deregulation by
ROS. This, we speculate, has allowed the evolution of disul-
fide-enriched proteomes. Through our studies, we show how
PERK prevents the more catastrophic bipartite regulation by
ROS by either directly allowing expression of anti-oxidative
genes or by decreasing the protein load in the ER through a
well regulated mechanism (Cullinan and Diehl, 2004; Harding
et al., 2000). This, in conjunction with its demonstrated anti-
oxidative role, highlights its importance in coupling ER stress
to translation attenuation and implicates it in enabling cells to
handle high ROS, which is linked to a high disulfide burden.
Collectively, a simple mechanism of peroxide-mediated trans-
lation attenuation and modulation of UPRER may have far-reach-
ing implications in pathophysiological conditions that are linked
to elevated ROS (Hekimi et al., 2011; Reczek and Chandel,
2015). Importantly, this integration leads to alteration of transla-
tion, a phenomenon that is undetectable at the level of tran-
scripts. It will now be important to unravel the alteration of UPRER
at the proteome level to delineate the detailed mechanism of
peroxide-mediated signal integration.
EXPERIMENTAL PROCEDURES
Yeast Screening and Biochemical Experiments
A synthetic genetic array strategy (Tong et al., 2001) was used to cross each
strain containing a loss-of-function allele (6,000 strains in total) with the re-
porter strain (ymj003) tomake the library of haploid strains carrying the reporter
and loss-of-function allele. All cells were grown in yeast extract peptone
dextrose (YPD) (1% yeast extract, 2% peptone, and 2% glucose) in the pres-
ence of G418 for the initial screening. For all fluorescence-activated cell sorting
(FACS)-based fluorescence assays, yeast cells were grown for 3 hr to reach
optical density 600 (OD600) of 0.4–0.6 and then treated with 5 mM DTT for
3 hr, followed bymeasuring theGFP andRFP fluorescence using a flow cytom-
eter. The same treatment regimes, along with published protocols, were fol-
lowed for polysome profiling (Baim et al., 1985), microarray (Agilent platform),
proteomics (iTRAQ), immunoblotting, and qRT-PCR experiments. All treat-
ments for screening purpose were done in 96-well assay plates. The median
fluorescence values of GFP and RFP were extracted, and analyses were car-
ried out using in-house scripts. For experiments with GFP-tagged yeast strains
in peroxide, the cells were grown until log phase and then treated with 1 mM
H2O2 for 3 hr. Fluorescence of GFP was measured using flow cytometry.
Oxyplate Assay and ROS Measurement
The yeast cells were grown on synthetic dextrose medium with 100 mM
(4-(2-hydroxyethyl)-1-peperazineethanesulfonic acid (HEPES) (pH 7) for3 hr, transferred to BD Oxyplates, and treated as discussed in the experi-
ments. Fluorescence kinetics were measured using a Tecan multimode
reader (excitation 480 nm/emission 620 nm) according to the manufacturer’s
instructions. For ROS measurements using DHR123 and DHE, cells were
grown in YPD until log phase and treated with 5 mM DTT for 3 hr or
5 mg/ml Tm for 4 hr, and then ROS-specific dyes were added and incubated
for 12 min. After washing off the excess dye, fluorescence was measured
using FACS.
C. elegans Strains and Maintenance
Strains were cultured at 20C on NGM plates seeded with OP50. The strains
used in this study were N2 Bristol wild-type, pek-1(ok275), Phsp-4:gfp(zcIs4),
and pek-1(ok275); Phsp-4:gfp(zcIs4).
C. elegans UPRER Reporter Assays
Phsp-4:gfp(zcIs4) or pek-1(ok275); Phsp-4:gfp(zcIs4) worms were bleached,
and eggs were placed on nematode growth medium (NGM) plates seeded
with control (empty pL4440 vector) or skn-1 RNAi plates. Day 3 adult worms
were treated with 10 mg/ml Tm or 3 mM DTT for the indicated time, and GFP
fluorescence was quantified. For Pq and Tm/DTT double treatment experi-
ments, day 1 adults grown on control RNAi were processed for fluorescence
microscopy. For ROS scavenging experiments, worms on different days of
adulthood were supplemented with 10 mM NAC along with Tm (for 5 hr),
and then UPRER was measured. A colorimetric carbonylation assay was per-
formed from lysates directly using dinitro phenyl hydrazine (DNPH) reaction
and absorbance or by blotting with anti-DNPH antibodies.
Statistical Methods
Statistical analyses were conducted using Student’s t test and paired
Student’s t test with Sigma Plot.
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The accession number for the microarray data reported in this paper is GEO:
GSE68006.
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